Fenestrated capillaries are provided with two types of regular discontinuities: (1) fenestrae with negatively charged diaphragms, and (2) transendothelial channels fitted with two diaphragms, of which the luminal one is uncharged. These structures are expected to affect macromolecular exchanges on the basis of size and charge. We have detected variations in the surface density of fenestrations and transendothelial channels (normalized to 1 /im of capillary endothelial profiles in sections) in selected areas of different murine organs, i.e., kidney cortex, duodenal mucosa, and exocrine pancreas. The survey was limited to endothelial segments <400 nm thick, and covered a total length of endothelial profiles of 1180 /xm, 730 fim, and 1189 nm in the exocrine pancreas, intestinal mucosa, and kidney cortex, respectively. At least 1000 transendothelial openings were recorded by scoring for easily recognizable fenestrations, transendothelial channels, and unknowns, the latter representing either of the above in grazing sections. The linear density of all transendothelial openings taken together was found to vary among the different capillary beds (kidney cortex > intestinal mucosa > exocrine pancreas). This same sequence was observed for the linear densities of fenestrations, transendothelial channels, and unknowns considered individually. The values obtained were as follows: kidney cortex, 1.35 fenestrations per ^m, 0.25 transendothelial channels per /im, 0.52 unknowns per pm; intestinal mucosa, 0.92 fenestrations per jtm, 0.10 transendothelial channels per nm, 0.38 unknowns per turn; exocrine pancreas, 0.58 fenestrations per ^m, 0.04 transendothelial channels per ^m, 0.27 unknowns per |xm. The differences in distribution of transendothelial openings among fenestrated capillary beds probably reflect capillary permeability modulations connected with the functions of these various organs. (Circ Res 56: 709-717, 1985) 
IN fenestrated capillaries, blood plasma-interstitial fluid exchanges of hydrophilic macromolecules involve fenestrae (with one diaphragm), and transendothelial channels (fitted with two diaphragms) in addition to plasmalemmal vesicles (Clementi and Palade, 1969; Simionescu et al., 1972; Venkatachalam and Karnovsky, 1972) . Since diaphragmed fenestrae were the most numerous structures detected by transmission electron microscopy (TEM) in these vessels, and appeared to offer the least resistance to tracer egress, they were assumed to be the most important structural elements for the permeability properties of these capillaries. Moreover, when replicas of freeze-cleaved specimens of visceral capillaries were studied, it was generally assumed that all of the openings observed were diaphragmed fenestrae (Friederici, 1968; Simionescu et al., 1974) . The importance of a precise identification of fenestrae and channels became evident only when electron-dense cationic probes were used to examine charge distribution on the luminal surface of endothelial cells. Such studies detected differentiated microdomains, generated by an uneven distribution of anionic sites on the luminal plasmalemma of pan-creatic and intestinal capillaries (Simionescu et al., 1981) , and found to coincide precisely and consistently with structures involved in blood-tissue exchanges, e.g., plasmalemmal vesicles, fenestrations, and transendothelial channels. The existence of differentiated microdomains led Simionescu et al. (1981) to propose that electrostatic charge repulsion would restrict the passage of anionic macromolecules through fenestral diaphragms past a certain molecular size, e.g., probably lower than that of plasma proteins, leaving the uncharged channels and plasmalemmal vesicles to function as a preferential pathway for the exchange of anionic macromolecules.
Information about differences in structure and charge-distribution among capillary beds is needed to help determine the factors that influence capillary permeability in the corresponding organs. If channels function in the exchange of plasma proteins, then variations in their surface density among capillary beds in different organs could account for local differences in vascular permeability. In this paper we present our observations on the heterogeneous distribution of transendothelial openings in the fe-nestrated capillaries found in the microvasculature of the exocrine pancreas, intestinal mucosa, and kidney cortex of the mouse.
Methods

Animals
Male Swiss albino mice (either Charles River Laboratory or Jackson Laboratory) weighing 20-25 g were used in all experiments. All animals were allowed access to food and water ad libitum.
Reagents
Cationized ferritin (CF) (mol wt 450,000-600,000, depending on ferric hydroxide content; pi determined to bẽ 8.6) was obtained from Miles laboratory and used directly after dilution with Dulbecco's phosphate-buffered saline supplemented with 14 mM glucose (PBSG).
Experimental Protocol
For morphological studies, a two-step procedure (blood removal followed by fixation in situ) was used.
Blood Removal
Under light ether anesthesia, a thoracotomy was performed, and a cannula, connected to a constant pressure perfusion apparatus, was inserted into the left ventricle. The blood then was removed by perfusing 30-40 ml of PBSG (prewarmed to 37°C) through the animal at a flow rate of 3.5 ml/min and at a pressure of 60-80 mm Hg, with the right ventricle cut open to allow easy outflow of the perfusate.
Perfusion Fixation
After blood removal, the whole animal was fixed in situ under identical perfusion conditions with 30-40 ml of 3% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2.
In the experiments involving CF, the following steps were added after removal of the blood: a. Perfusion with CF: The vasculature was perfused intermittently [(1 minute of flow, followed by a 3-minute wait) X 3] for 12 minutes, with about 9 ml of 0.5 mg/ml CF in PBSG at a flow rate of 3 ml/min. b. Flush with 15 ml of PBSG, as in section 1, to remove unbound CF from the vasculature.
c. Perfusion fixation of the animal as in section 2.
Processing of Tissue
After fixation in situ, pancreas, intestine (duodenum), and kidney cortex specimens were removed and immersed in the same fixative for 90 minutes, followed by treatment for 90 minutes with 1% OsO 4 in acetate veronal buffer, pH 7.6, at 4°C. The specimens then were routinely processed, embedded, and sectioned for electron microscopy.
Morphometric Analysis
To determine the average vessel diameter, we examined 50 low magnification micrographs (~ll,000x) for each organ, and determined the diameter of cross-sectioned vessels (or the maximum transverse diameter of obliquely sectioned vessels) with a map measurer. The values obtained were 4.56 ± 1.22 ^m, 4.48 ± 1.47 /m\, and 6.12 ± 1.77 /im for pancreas, intestine, and kidney, respectively.
To determine the extent of endothelial attenuation, we examined at least 30 micrographs of capillaries for each Circulation Research/Vol. 56, No. 5, May 1985 organ at an intermediate magnification (~20,000x). In determining the thickness of the endothelium, we used two cut-off points, i.e., <250 nm and <400 nm, and measured and recorded the lengths of endothelial profiles falling below these values ( Fig. 1 ; Table 1 ). The fractional perimeter <250 nm represents the area of highest concentration of fenestrae and channels and describes further the variable degree of attenuation from one capillary bed to another.
To determine the number of transendothelial openings (TO) per micrometer length of endothelium, a minimum of eight blocks from three different animals were sectioned, and enough micrographs were taken to allow the identification of at least 1,000 transendothelial openings. The micrographs were of sufficiently high magnification (~34,000x) to ensure the easy identification of the following endothelial structures: transendothelial channels (C), fenestrations (F), plasmalemmal vesicles, and coated vesicles. All of the above structures were counted on and normalized per micron length of endothelium <400 nm thick for each capillary profile. Structures that could not be reliably identified as either channels or fenestrae (because of the local obliquity of the sections or because the sections included mostly the rims of these structures) were designated unknowns (U) ( Table 2A ). The linear density of fenestrae and channels from Table 2B can be expressed also per ^m of total capillary profile by multiplying the total length of endothelium <400 nm by the inverse of the percent of attenuated endothelium from Table 1 and dividing the product into the number of the different structures observed.
Results
General Morphology
The general morphology of the endothelium was found to be the same in all visceral capillary beds examined and in agreement with observations already recorded in the literature (Bennet et al., 1959; Rhodin, 1962; Clementi and Palade, 1969) . The endothelial cells have a perinuculear region ~3 nm thick, and around it a highly attenuated, plate-like periphery that measures 0.4 iim or less in thickness and occupies from 66-82% of the cells' area (Table  1) . It is in these attenuated cytoplasmic plates that the endothelial cell is pierced by many transendothelial openings which represent two different structures: (1) fenestrae ~60 nm in diameter closed by a single fenestral diaphragm, and (2) transendothelial channels fitted with two (and occasionally three) stomatal diaphragms ~61 nm diameter, one at each end. The shape of transendothelial channels varies from cylindrical to barrel-shaped, and their length ranges from 20.2-115.9 nm (average: 37 nm).* The diaphragms of most channels are parallel to one another, but quite often one of the diaphragms is at an angle to its partner. In sections, channels often appear singly or in small groups. Occasionally, rows
• These dimensions represent numerical averages obtained from measuring 100 diaphragmed fenestrae and 100 transendothelial channels, all randomly located. FIGURE 1. This low magnification micrograph of a pancreatic blood capillary is representative of the vessels examined in this study. The attenuated endothelium found between the thick lines is less than 400 nm thick, whereas that between the thin lines is less than 250 nm thick.
of more than three are encountered ( Fig. 2) , suggesting that channels-like fenestrae (Rhodin, 1962; Friederici, 1968 , Simionescu et al., 1974 -are distributed in compact clusters. This type of distribution is in fact confirmed by scanning electron microscopy of the luminal aspect of the fenestrated capillaries of the renal cortex (Peters and Milici, 1983) .
Morphometric Data
Micrographs of sectioned specimens were used to obtain data on the linear numerical density of diaphragmed fenestrations and transendothelial channels in the capillary beds indicated in Methods. Additional data were collected concerning: (1) the fraction of the endothelial perimeter <400 nm thick in which essentially all transendothelial openings are found (Table 1) , (2) the fraction of the same perimeter <250 nm thick in which most, i.e., >95%, 
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of the openings are located (Table 1) , and (3) the distribution of anionic sites on the luminal aspect of the endothelium of the corresponding vessels. Such data provided the basis for subsequent comparisons of the capillary beds studied. Diaphragmed fenestrae, transendothelial channels, and unknowns were counted on capillary profiles in each organ and normalized per micrometer of endothelial perimeter less than 400 nm thick ( Fig.  3 , Table 2 ). The absolute and relative linear densities of diaphragmed fenestrations and channels were found to vary from one capillary profile to another for each type of microvascular bed, but a consistent, characteristic pattern already emerged after we had examined 10-20 profiles. This pattern remained the same as the size of the sample was increased to 268, 190, and 291 profiles for pancreas, intestine, and kidney, respectively. The values for linear densities of fenestrations and channels were the lowest in pancreatic capillaries (0.58 and 0.04, respectively); they were higher in the capillaries of the intestinal mucosa (0.92 and 0.10, respectively), and the highest in the peritubular capillaries of the kidney cortex (1.35 and 0.25, respectively).
Linear densities were converted to surface densities, to make them more useful for physiological correlations. This conversion was done by assuming a section thickness of ~50 nm and by calculating on this basis the density of structures per square micrometer of attenuated endothelium.f The results are shown in Table 3 .
The values for fenestrations and channels in Tables 2A and 3A exclude the contribution of unknowns. Since the latter actually represent either oblique sections through the former structures or sections, including mostly the rims of these openings, they must be taken into account to obtain better estimates. The percent of channels was determined in each capillary bed and expressed as percent of their total; the values obtained were 7.5% C/F+C in the pancreas, 10.4% C/F+C in the intestinal mucosa, and 18.6% C/F+C in the kidney cortex. These figures were multiplied by the number of unknowns to give corrected values for the linear and surface densities of channels and fenestrae (Tables 2B and  3B ).
Since fenestrae and transendothelial channels are essentially restricted to endothelium less than 400 nm thick, and since we have already determined the corresponding fraction as a percent of total endothe- Hal perimeter and area, we can calculate surface densities as well as aggregate areas for each structure per total luminal endotheiial surface in the capillaries of each of the microvasculatures studied. The results obtained for pancreas, intestine, and kidney were as follows (Table 4) : channels, 0.28%, 0.51%, and 1.44%, respectively; fenestrations, 3.68%, 4.72%, and 8.35%, respectively.
Plasmalemmal vesicles (luminal, abluminal, and apparently free in the cytoplasm) and coated pits and vesicles also were counted, and their relative frequency was determined in the same attenuated regions that were examined for transendothelial openings. The number of plasmalemmal vesicles per micrometer of capillary endotheiial perimeter was found to decrease from the pancreas (3.15) to the intestinal mucosa (1.34) to the kidney cortex (0.33). The number of coated vesicles per micrometer underwent a decrease in the same order, but the differences were not as great (Table 2A ). However, the percentage of coated vesicles to plasmalemmal vesicles was greatest in the kidney (16.7%), decreased to approximately one-half this value in the intestine (6.7%), and to approximately one-quarter of this value in the pancreas (3.8%). These figures are valid for approximately 66-82% of the cell surface and are therefore low estimates for total endotheiial cell surface, since both structures are also found in thicker (>400 nm) cytoplasmic areas.
FIGURE 2. Cluster of six transendothelial channels in a kidney peritubular capillary. Smaller clusters of transendothelial channels are routinely found in sections of endotheiial cells in these capillaries.
FIGURE 3. Panel A = pancreatic capillary, panel B = intestinal mucosal capillary, and panel C = kidney peritubular capillary. Representative segments of blood capillaries, demonstrating the types of cell structures examined in this study. These structures were identified as either diaphragmed fenestrae (F) or transendothelial channels (C); equivocal appearances (caused by sectioning obliquely or too close to the rim of either fenestrae or channels) were classified as unknowns (U).
Anionic Sites Distribution
We examined the distribution of anionic sites on the luminal plasmalemma, using CF, pi ~8.6, as a probe. In kidney peritubular capillaries, CF was found to bind to anionic sites on fenestral diaphragms and the luminal surface of the plasmalemma proper, while the luminal surfaces of the stomatal diaphragms of transendothelial channels and plasmalemmal vesicles were unlabeled (Fig. 4) . * To calculate the percent of endothelial sample occupied by different openings, it was assumed that: (1) all openings were 60 nm in diameter, and (2) the thickness of the sections was 50 nm; corrected numerical values were taken from Table 2B , and the percent of endothelium surface occupied by either channels or fenestrae was arrived by the following formula:
(Number of structures observed) • TT r 2 (Total endothelium surface area)-f | Calculated from the data in Table 1 normalized to the entire capillary surface, as explained in the text. This is identical to the binding pattern first reported by Simionescu et al. (1981) -and duplicated by ourselves-in the pancreas and intestine. Occasionally, CF was observed to emerge into the extravascular space through a transendothelial opening. The density of CF within such permeated openings was high enough to mask the presence of a diaphragm(s), if present, and thereby preclude accurate identification of such structures as either channels or fenestrations (Fig. 4 ).
Discussion
Morphometric Data
Our morphometric data can be compared at two different levels to findings already recorded in the literature. At the first level, the surface density of transendothelial openings (TO), i.e., the sum of fenestrae, channels, and unknowns established in this study, can be compared to the density of "fenestrae" obtained by other investigators on freeze-cleaved specimens of fenestrated capillaries. The corresponding studies did not differentiate between fenestrae and channels because of limited or no information available at that time on the latter. Our data (18 TO per fim 2 and 28 TO per ^m 2 for pancreas and intestinal mucosa, respectively) are in reasonably close agreement with those obtained on the same vessels in rats by Simionescu et al. (1974) (15 F per nm 2 and 26 F per ^m 2 for pancreas and intestinal mucosa, respectively). There has been no similar systematic investigation of the peritubular capillaries in the kidney cortex. Rhodin (1962) , from a few randomly collected thin sections, estimated the surface density of fenestrations in murine kidney cortex capillaries to be ~30 per ^m 2 , which is less than thẽ 42 transendothelial openings per /an 2 found by us in our study. Friederici (1968) found ~60 fenestra-
FIGURE 4. The binding pattern of cationic ferritin (CF) to the luminal surface of the endothelium of peritubular capillaries. CF has a high affinity for the plasmalemma proper and for fenestral diaphragms (F), but the diaphragms of transendothelial channels (C) and plasmalemmal vesicles (not shown) do not have anionic sites detectable by CF binding. In the insert, an example of a CF aggregate passing into the extravascular space through a transendothelial opening is marked by arrowheads. CF density precludes an accurate identification of the structure as either a fenestration or channel.
tions per /urn 2 on freeze-cleaved capillaries of the renal medulla (papilla) in rats. The differences mentioned above may reflect differences in sample size and location within each organ.
At the second level of inquiry, transendothelial channels have been observed in the fenestrated capillaries of the intestinal mucosa (Clementi and Palade, 1969) , kidney (Venkatachalam and Karnovsky, 1972) , and pancreas (Simionescu et al., 1972) , but their surface density relative to that of diaphragmed fenestrae was not determined until this study. Our morphometric data apply only to the attenuated regions (<400 nm thick) of the endothelium in the vascular beds examined, but these regions, which account for 66-82% of the total endothelial surface, comprise essentially all transendothelial openings, and are apparently of major importance for blood plasma-interstitial fluid exchanges. However, the data obtained allow an estimate of the surface density of transendothelial channels and fenestrae for the entire surface of the capillaries investigated (see Table 4 ).
In the specimens we have examined, all normally (or nearly normally) sectioned fenestrae appear to be provided with a diaphragm. Diaphragm-free fenestrae, as described by Casley-Smith et al. (1975) (about 50% of total) or as postulated by Clementi and Palade (1969) (a small fraction of total), have not been encountered in this study. The existence or absence of a diaphragm is difficult to ascertain in oblique sections cutting through part of the fenestral rim. Such appearances were counted as unknowns in our survey (see Table 2A ), not as diaphragm-free fenestrae, and this may explain the differences between our findings and those of Casley-Smith et al. (1975) . Simionescu and coworkers (1981) , using CF, examined the electrostatic binding of this cationic probe to the negatively charged ectodomains of proteoglycans and glycoproteins on the plasmalemma of pancreatic and intestinal capillaries. They observed a generally even distribution of anionic sites on the plasmalemma proper, and a high concentration of such sites on fenestral diaphragms; however, the luminal diaphragms of plasmalemmal vesicles and transendothelial channels in adjacent areas of fenestrated endothelium were not labeled with CF. This finding led them to postulate that fenestral diaphragms discriminate against anionic macromolecules past a certain size, and that transendothelial channels and plasmalemmal vesicles represent the preferential exchange pathways for negatively charged macromolecules. This postulate assumes that the second diaphragm of transendothelial channels is, like the first, not negatively charged. Neutral macromolecules are presumably selected on the basis of size alone, and all endothelial cell structures discussed above could be involved in their transport. These assumptions remain to be tested experimentally by using appropriate tracers, but they are compatible, at least in part, with findings already published on the permeability of the microvasculatures considered in this paper.
Physiological Implications
The assumption that anionic plasma proteins like albumin (7 nm dia, pi ~4.8) leave the blood preferentially through transendothelial channels implies that the surface density of the latter should correlate with the concentration of albumin in the pericapillary spaces. Plasma proteins are also expected to be transported by plasmalemmal vesicles, but in this case a correlation would be more difficult to establish because of unknown time factors involved in vesicular transport. Under normal circulatory conditions, the interactions between permeant macromolecules and interstitial components are expected to reach a steady state equilibrium. Accordingly, the lymph:plasma (L:P) ratios of such macromolecules can be assumed to reflect primarily their interactions with the endothelial barrier.
Data already on record indicate that the L:P ratio of albumin in the intestinal lymph (0.1)% and, presumably, in the interstitia of the intestinal mucosa, is considerably lower than the corresponding ratio for renal lymph (0.33) (Deen et al., 1976; Perry et al., 1983) . In fact, the latter value ranges to as high as 0.7 (Pinter and O'Morchoe, 1970) . Because of this difference in L:P ratios, it is tempting to postulate a correlation between the surface density of transendothelial channels and the differential degree of permeability to albumin between the intestinal mucosal and the renal cortical vascular beds. The postulate remains to be tested, however, by further work.
Data on the distribution and concentration of albumin in the interstitia of the kidney (especially cortex) have been obtained in a number of studies. For instance, the renal tissue volume for red blood cells, chylomicrons, § and albumin were concomitantly determined by Pinter (1967) , who found the albumin volume four times larger than that for red blood cells. The extravascular pool of albumin in this study was equivalent to 31% of the total albumin in the kidney. Other investigators (Kallskog and Wolgast, 1973) have also arrived at the conclusion that there is a high concentration of albumin in the interstitia of the cortex, which may facilitate tubular readsorption of fluid and small solutes. || There is, however, no general agreement on this matter. Notwithstanding the relatively high L:P ratio \ This value does vary, however, under different perfusion conditions.
§ The chylomicron volume was 2.65 larger than the RBC volume, presumably because the cells flow preferentially along a central column in blood capillaries. || Spitzer and Windhager (1970) also found that the readsorping capacity of isolated proximal tubues can be increased to in vivo levels by adding 8% dextran (mol wt 110,000) to the incubation medium.
for albumin, Deen et al. (1976) assumed that the convective reflection coefficient for this molecule and dextran (>7.2 nm dia) was essentially equal to 1, and that plasma proteins exert their entire osmotic pressure across the peritubular capillary walls. Moreover, by fluorescence microscopy (a qualitative procedure of undefined sensitivity), albumin was found supposedly restricted to within the renal microvasculature (Carone et al., 1967) .
The influence of macromolecular charge on the permeability of fenestrated endothelia has been studied only in intestinal capillaries (Perry et al., 1983) by using neutral, cationic, and anionic dextrans of low molecular weight (mol wt ~25,000), as well as a series of lactate dehydrogenase (LDH) isoenzymes of similar size (mol wt 140,000, diameter 8.4 nm) but different pi levels (LDH1 = 5.2 through LDH5 = 8.3). The L:P ratio decreased from anionic > neutral > cationic dextrans, and a similar decrease was found in the L:P ratio of the cationic LDH isoenzymes when compared to those of their anionic counterparts (L:P for LDH5 -0.18, L:P for LDH1 0.55). Since fenestral diaphragms are already known to bind (and thereby retard the passage of) cationic ferritin (molecular diameter 11 nm, pi 8.2-8.6) in these microvessels (Simionescu et al., 1981;  this manuscript), the data collected by Perry et al. (1983) suggest that cationic molecules begin to be discriminated against by fenestral diaphragms, because of size restrictions, when they approach 8 nm in diameter. Horseradish peroxidase, diameter 5 nm, pi unspecified, but presumably above 8, was shown to exit through all fenestrae in the same vessels (Clementi and Palade, 1969) .
The data on neutral and anionic LDH and dextrans are difficult to interpret in terms of our findings. Anionic and neutral LDH may leave the plasma preferentially via transendothelial channels and plasmalemmal vesicles. Threadlike, flexible, relatively small macromolecules, like the dextrans used (mol wt -25,000), are expected to encounter fewer restrictions in moving across the endothelium than globular macromolecules of the same size. Neutral dextrans (Simionescu et al., 1972) appear to egress from the lumen of intestinal mucosal capillaries through both fenestrae and plasmalemmal vesicles, but the exit sites of anionic dextrans remain unknown. Perry and coworkers (1983) have proposed that the wall of the microvessels in the intestinal mucosa behaves as a positively charged barrier, in contradistinction to the other capillary walls so far investigated (Garby and Areekul, 1970; Rennke et al., 1975) which act as negatively charged barriers. It would be useful to determine whether exogenous, cationic probe molecules can contribute significantly to the creation of a cationic barrier upon adsorption to, or interaction with, anionic sites on the luminal surface of the endothelium.
Some of the physiological data discussed above appear to be in partial agreement with the different Circulation Research/Vol. 56, No. 5, May 1985 functions postulated for transendothelial channels and diaphragmed fenestrae, but more extensive and more reliable data are needed to define the molecular size beyond which the effect of macromolecular charge detectably influences endothelial permeability, and to identify the pathway followed by macromolecules of different charge across the endothelium of fenestrated capillaries. Even in the present state of knowledge, our findings suggest, however, that endothelial permeability can be modulated to a large extent by varying the absolute and relative surface density of transendothelial channels, diaphragmed fenestrae, and plasmalemmal vesicles in different microvascular beds.
